OBJECTIVE -Although subjects with diabetes have increased risk for cardiovascular disease (CVD), the evolution of this increased risk as pre-diabetic individuals progress to diabetes is not understood. This study examines the longitudinal relationship between selected CVD risk factors (blood pressure, triglycerides, HDL and LDL cholesterol, and LDL peak particle density [PPD]) and glycemia in the three treatment groups of the Diabetes Prevention Program.
C ardiovascular disease (CVD) is the major cause of morbidity and mortality in diabetes (1) . Although the excess risk for CVD in diabetes has been linked to a clustering of risk factors that include blood pressure and lipoprotein abnormalities (2) , little is known about the evolution of this risk as pre-diabetic individuals progress toward diabetes. An adverse pattern of CVD risk factors is already present in normoglycemic subjects who subsequently develop diabetes compared with those who do not (3), suggesting that factors other than worsening hyperglycemia are responsible for the origins of the increased cardiovascular risk in diabetes. However, no studies have prospectively evaluated the effects of deterioration of glycemia on CVD risk factors in pre-diabetic subjects in whom CVD incidence appears to be somewhat increased (4) . The opportunity to examine this issue was made possible by the Diabetes Prevention Program (DPP), which studied the development of diabetes in a large population with impaired glucose tolerance (IGT) and in which intensive lifestyle (ILS) or metformin interventions were compared with placebo (5) .
RESEARCH DESIGN AND
METHODS -This report includes 3,234 participants in the ILS, metformin, and placebo treatment arms. Individuals were recruited from a variety of sources based on the risk for development of diabetes (5) . Written informed consent was obtained from all participants before screening, consistent with the Helsinki Declaration and the guidelines of each center's institutional review board. Eligibility was based on results of a 75-g oral glucose tolerance test (OGTT). Inclusion criteria included a fasting plasma glucose value of 5.3-6.9 mmol/l (Յ6.9 mmol/l for American Indians) and a 2-h plasma glucose of 7.8 -11.1 mmol/l following the glucose load, age Ն25 years, and BMI Ն24 kg/m 2 (Ն22 kg/m 2 for Asian Americans). Major exclusions included a recent myocardial infarction, symptoms of coronary heart disease, major illness, prior diagnosis of diabetes, or use of medications known to impair glucose tolerance.
Eligible participants were randomly assigned to one of three interventions: 850 mg metformin twice daily (MET group), placebo twice daily (placebo group), or an intensive program of lifestyle modification (ILS group). Random treatment assignments were stratified according to clinical center and double blinded for the MET and placebo groups. The goals of the ILS were to achieve and maintain a weight reduction of at least 7% of initial body weight through consumption of a low-calorie, low-fat diet and to engage in moderate physical activity for at least 150 min/week (5) .
Diabetes was diagnosed on the basis of an annual OGTT or a semiannual fasting plasma glucose test according to American Diabetes Association (ADA) criteria (6) . The diagnosis required confirmation by a second test, usually within 6 weeks. Glycated hemoglobin, systolic (SBP) and diastolic blood pressure (DBP), triglycerides, HDL cholesterol, LDL cholesterol, and LDL peak particle density (PPD) (7) (8) (9) (10) were assessed annually.
Statistical analysis
Study design and analysis were conducted according to the intention-to-treat principle. Participants were followed for an average of 3.2 years, a period 4 months longer than that reported previously when participants and staff still remained unmasked to study results (5) . Comparisons among groups at baseline were made using ANOVA for quantitative variables and 2 test for categorical variables. Nominal P values are listed with no adjustment for multiple comparisons. Results of the OGTT were used to designate a participant's glucose tolerance status as normal glucose tolerance (NGT), IGT, or diabetes by ADA criteria (6) . Mean levels of CVD risk factors at annual visits were estimated according to OGTT status and treatment group under fixed-effects models with the assumption of normally distributed errors (11) . Adjustment was made for baseline risk factor levels, demographics, time from randomization, and medications influencing the risk factor level under a repeated-measures model with a first-order autoregressive (AR1) covariance structure to account for within-individual variability; in some analyses, BMI, waist circumference, or homeostasis model assessment of insulin resistance (HOMA-IR) were included in the model.
To obtain maximal power to evaluate whether a change in OGTT status was accompanied by a change in risk factor levels, all OGTT results between any two consecutive annual visits were examined, yielding five interval patterns. These ranged from an improvement (IGT 3 NGT), through lack of change in those who had achieved NGT (NGT), or remained with IGT (IGT 3 IGT), to deterioration from an achieved normal to impaired (NGT 3 IGT), and from normal or impaired to diabetes (NGT/IGT 3 DM) status; the last two categories were combined due to small numbers in the NGT-to-diabetes category. Fixed-effects models with time-varying covariates and assumption of normally distributed errors (11) were used to estimate the adjusted mean change in risk factor levels for a change in glucose tolerance status at 1-year intervals. When available, the risk factor level at the time of diabetes diagnosis was used. Otherwise, the next available risk factor levels following diagnosis were used (47 in the placebo group, 29 in the ILS group, and 37 in the MET group) with an average time of 0.5-0.6 years from diagnosis. Excluding these intervals from the individuals did not affect the analysis, so they have been included. The analyses excluded intervals after diabetes diagnosis and 22 participants who developed diabetes at mid-year visits during the last 6 months of the study. The trend test was used to test the association between the changes in glucose tolerance categories and the risk factor levels using the same fixed-effects models described above but with categories coded 1 through 5. Changes in risk factor levels were also described as percent of the baseline SD to allow for comparison among the different distributions of risk factors.
RESULTS - Table 1 shows baseline characteristics, which did not differ among treatment groups except for HDL cholesterol and triglycerides. Figure 1 summarizes mean changes in risk factors ordered according to the OGTT interval patterns. Overall, deterioration of glucose tolerance was associated with a worsening of risk factor levels, whereas improvement in status was associated with a beneficial risk factor change. The trend tests performed to assess relationships between the change in ordered categories of glucose tolerance and changes in CVD risk factors were statistically significant (P Ͻ 0.001 for all risk factors except for LDL-PPD [P ϭ 0.02] in the ILS group and for HDL cholesterol [P ϭ 0.02] in the placebo group. *Means and CIs were obtained from fixed-effects models, with an autoregressive covariance structure to account for within-person variability and further adjustment for baseline age, sex, race/ethnicity, year of assessment, baseline CVD risk factor, and any medications that may affect the CVD risk factor. P values represent comparisons among treatment groups for each glucose tolerance category and vice versa. †The P value for interaction indicates whether the effect of the OGTT status differs by treatment group. RF, relative flotation.
Improved glucose tolerance status
The largest changes are seen for transitions from IGT to NGT in the ILS group, where SBP and triglyceride fell by ϳ25%, whereas HDL cholesterol and LDL-PPD increased by ϳ8 and 17% of the baseline SD, respectively. The MET and placebo groups showed less significant improvements.
Unchanged glucose tolerance status
For IGT, risk factors showed little or no interval change across treatment groups, whereas for NGT, risk factor means improved slightly, mainly in ILS group, in which SBP, DBP, and triglyceride levels fell (P Ͻ 0.01) by 7, 9, and 7% of baseline SD, respectively, while HDL cholesterol and LDL-PPD increased (P Ͻ 0.05) by 5 and 6% of baseline SD, respectively.
Worsening glucose tolerance status
Deterioration from NGT to IGT over 1 year manifested a slight increase in triglycerides for the ILS and placebo groups (P Ͻ 0.05). The mean HDL cholesterol change decreased slightly in the MET and placebo groups (P Ͻ 0.05), while LDL cholesterol slightly increased in the ILS group (P Ͻ 0.05).
Conversion to diabetes
Progression from IGT to diabetes in the ILS group was not associated with any significant change in risk factors. DBP increased in the placebo group by 1.0 mmHg (P ϭ 0.04) but decreased in the MET group by 1.2 mmHg (P ϭ 0.04), while HDL cholesterol and LDL-PPD fell in the placebo and MET groups (P Ͻ 0.05) and LDL cholesterol fell in the placebo group (P Ͻ 0.02). Figure 2 expresses the mean risk factor change in relation to interval changes in fasting and 2-h glucose, BMI, and HOMA-IR in quartiles to assess relation-
Figure 1-Mean interval change in cardiovascular risk factors by category of glucose tolerance interval change and by treatment group. The mean interval changes with their five 95% confidence limits for SBP, DBP, triglycerides, HDL cholesterol, LDL cholesterol, and LDL-PPD are arranged from left to right in each panel by treatment group, according to whether there was improvement in glucose tolerance status (IGT to NGT), maintenance of improvement (NGT to NGT), no change (IGT to IGT), deterioration back to baseline status (NGT to IGT), or conversion to diabetes (DM) (IGT/NGT to diabetes). E, ILS group; f, MET group; ‚, placebo group.
ships between risk factors and continuous measures of glycemia and to evaluate the extent to which BMI and HOMA-IR contributed to risk factor change. Overall SBP and triglyceride levels increased, and HDL cholesterol and LDL-PPD values decreased in the three intervention groups as a function of each measure of glycemia, BMI, and HOMA-IR. Fasting glucose tended to correlate less well with risk factor levels than did 2-h glucose or A1C. In mixed models, BMI and waist interval changes explained the effect of glycemia on SBP, and BMI only explained effects for LDL-PPD and attenuated those on HDL cholesterol, whereas HOMA-IR changes were found to have no influence.
CONCLUSIONS -This study shows that participants who developed diabetes trended toward higher blood pressure and triglycerides and lower HDL cholesterol and LDL-PPD levels than those who remained with IGT, while those whose OGTT reverted to normal had a significantly more favorable profile. These findings demonstrate that small changes in glycemia have a measurable effect on cardiometabolic risk factors in subjects with IGT, although no such tendency was noted for LDL cholesterol, as previously noted (3). When risk factor changes were assessed over 1-year intervals in relation to OGTT status, favorable effects were again noted among those with improving glucose tolerance, while unfavorable trends accompanied deteriorating glucose tolerance.
Based upon differences in absolute risk factor levels as well as annual interval changes in those with IGT versus diabetes the incremental risk associated with progression to diabetes is modest. Using epidemiologic predictors of coronary heart disease risk, a reduction in HDL cholesterol of 0.02 mmol/l (0.78 mg/dl) and an elevation in SBP of 2 mmHg would predict an increase in event rates of 1.5-2.0% and 2-3% in events over 10 years, respectively (12, 13) . However, we found that risk factor values were associated with glycemic measures expressed as continuous variables, indicating that there is no unique effect of conversion to diabetes but rather a linear relationship between glycemic measures and risk factor levels, as previously noted in cross-sectional studies (14) . We found that quartiles of fasting glucose did not correlate as well with risk factors as did the 2-h glucose levels. This may reflect the narrow range of fasting glucose levels in our participants, although fasting glucose values may not correlate as well with CVD risk factors and events as do 2-h glucose values (4).
While there appeared to be little difference in risk factors between intervention groups in those who developed diabetes, for participants who remained with IGT or NGT, the risk factor profile among those in the ILS group was more favorable than the MET and placebo groups. Since fewer participants developed diabetes and more reverted to NGT in the ILS group compared with the other two interventions (5), our previous observation that the ILS group experienced less deterioration in the risk factor profile over time (15) is at least partially linked to the pattern of glucose tolerance responses to the interventions. The similarity of the risk factor profiles in participants who developed diabetes in the three groups could also reflect a lack of success with the active interventions.
In the course of the DPP, 1,921 individuals reverted to NGT (39% in the ILS group and 23% in the placebo group). Reversion from IGT to NGT was associated with reductions in SBP, DBP, and triglycerides and increases in HDL cholesterol and LDL-PPD. This effect was significantly greater in the ILS group, where, in addition, LDL cholesterol levels fell and the estimated reduction in risk of heart disease predicted from epidemiologic assessments is 10 -13% (12, 13, 16 ). This could again be partly explained by a more sizable improvement in glucose tolerance in the ILS group. Alternatively, other relevant effects of lifestyle change, such as weight reduction, increased physical activity, dietary changes, or improved insulin sensitivity were more substantial in the ILS group than the other groups (5) and should be greatest in those reverting to NGT. Furthermore, where participants maintained NGT for at least a year, there were further beneficial changes in risk factor levels, particularly in the ILS group, whereas worsening from NGT to IGT was associated with a significant deterioration in the risk profile. These findings suggest that reversion to NGT from IGT is associated with long-term improvement in risk factor status, which deteriorates rapidly if glucose tolerance worsens. Previous studies (17, 18) have highlighted the importance of insulin resistance and weight change on CVD risk factors. This analysis indicates that BMI, but not insulin resistance, explains a significant proportion of the influence of glycemia on cardiometabolic risk, obliterating its effect on blood pressure and LDL-PPD but not on HDL cholesterol and triglycerides. This supports the concept that the increased cardiometabolic risk that accompanies deteriorating glucose tolerance likely reflects combined effects of elevated glucose levels and increasing weight, which are closely interrelated. In addition, the importance of these findings relates not only to future risk of CVD but also to the likelihood of the development of diabetes itself, since CVD risk factors were found to predict development of diabetes in pre-diabetic subjects independent of glycemic status (19) .
In summary, this analysis demonstrates that progression from IGT to diabetes is associated with a small deterioration in the CVD risk factor profile in a manner that reflects a continuous relationship with glycemia and is independent of ILS or metformin interventions. These findings indicate that biochemical conversion to diabetes from pre-diabetes has limited significance for CVD complications of diabetes, although sizable changes in glycemia may have greater effects (20) . Together with longer duration of diabetes, this may explain why typically the risk factor profile is more unfavorable in subjects with diabetes than those with IGT (14) . Importantly, improvement of glucose tolerance is associated with a more favorable risk factor profile, with ILS accompanied by larger improvements than metformin. Although the changes in CVD risk factors during the short period of follow-up in this study were small, they occur on a background of increased CVD risk (21) , and their determinants may over time lead to a more substantial deterioration of cardiovascular risk in diabetic subjects. They therefore represent a target for prevention of CVD at an early phase in the development of diabetes.
